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(57) ABSTRACT

An apparatus for simultaneously measuring in real time for
a reflection-type holographic optical element the wavelength
of maximum diffraction efficiency, the angular and spectral
selectivities, and the direction of the grating vector by
analyzing the characteristics of the intensity distribution of
the transmitted beam. A diverging or diffusive beam having
an angle of divergence greater than the incident angle
satisfying the Bragg condition of the holographic optical
clement under measurement. The apparatus comprises a
multi-wavelength oscillation laser beam source, a beam
diffuser, a objective lens, and an 1mage projection screen.

17 Claims, 3 Drawing Sheets
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APPARATUS FOR MEASURING
CHARACTERISTICS OF A REFLECTION-
TYPE HOLOGRAPHIC OPTICAL ELEMENT

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mvention relates to holography and, more
particularly, to a simple optical apparatus for simultaneously
measuring 1n real time the spectral and angular selectivities,
the wavelength of maximum diffraction efficiency, and the
direction of the grating vector of a reflection-type holo-
graphic optical element.

2. Description of the Related Art

A holographic optical element (HOE) is a hologram that
1s used to control transmitted light beams, rather than to
display 1images. The angular and spectral selectivities of the
HOE represent the deviation of incident angle satistying the
Bragg condition and the deviation of wavelength 1 the
incident angle, respectively. Angular and spectral selectivi-
fies are measured, since reflection-type HOEs are used
primarily as filters, beam combiner, and i1mage display
SCreens.

A conventional method for measuring angular and spec-
tral selectivities 1nvolves measuring the diffraction effi-
ciency for each wavelength or each incident angle by means
of an mstrument such as a monochrometer, a photodetector,
or spectrophotometer. Conventional methods for measuring
the angular and spectral selectivities:

(a) require a high-precision rotational or translational

stage to control the angle of incidence of the beam
imncident on the HOE;

(b) require one detector to measure the spectral selectivity
and another detector to measure the angular selectivity,
because the position of the detector 1s fixed when the
spectral selectivity 1s measured;

(¢) cannot be used to tune an HOE in real-time, since the
HOE must be rotated or repositioned after a measure-
ment at a certain position or wavelength, both because
the position or wavelength of an incident beam must be
varied to measure the angular or spectral selectivity,
respectively, and because whether HOE was tuned
should be measured while swelling or shrinking its
activity by wetting or heating for tuning HOE;

(d) are prone to error, since the beam on which measure-
ments are made 1s not a collimated beam; and

(¢) cannot readily be employed when several grating
vectors are present in one HOE.

SUMMARY OF THE INVENTION

Measurement of the characteristics of a retlection-type
HOE according to the present invention 1s accomplished by
means of a simple optical apparatus comprising a multi-
wavelength laser, a beam diffuser, a wide-angle objective
lens, a diffusive plate, and an optical 1maging device, such
as a charge coupled device. The apparatus of the present
invention enables simultaneous measurement in real time of
the angular and spectral selectivities and the direction of the
grating vectors of the reflection-type HOE from analysis of
the intensity distribution of the transmitted beam when a
diverging diffusing beam i1s incident on the HOE. The
measurement employs a diverging or diffusive beam having
an angle of divergence greater than the incident angle
satistying the Bragg condition of the HOE.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1llustrates the intensity distribution of the beam
transmitted by a reflection-type HOE when a diverging laser
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beam 1s 1incident on the HOE according to an embodiment of
the present mvention.

FIG. 2 1llustrates the intensity distribution of the trans-
mitted beam when a collimated laser beam which has passed
through a diffusive plate 1s 1ncident on the reflection-type
HOE according to an embodiment of the present invention.

FIG. 3 1s a schematic diagram of the apparatus for
measuring the characteristics of an reflection-type HOE
according to an embodiment of the present mnvention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The direction of a beam diffracted by an HOE 1s deter-
mined by the angle of incidence of the beam i1ncident on the
HOE within the range of incident angles satisfying the
Bragg condition of the HOE, since the magnitude and
direction of the grating vector of an HOE vary less than
those of a hologram. A collimated beam incident on a
reflection-type HOE 1s diffracted when the angle of inci-
dence satisfies the Bragg condition.

When a diverging beam 1s incident on a reflection-type
HOE with an angle of divergence greater than the mcident
angle satisfying the Bragg condition, the intensity distribu-
tion of the beam diffracted by the HOE 1s a dark ring of
uniform width at the position of the diffracted beam and the
diffracting angle. The radius of the ring 1s determined by the
diffraction angle, while the width of the ring represents the
angular selectivity at the wavelength of the incident beam.
The spectral selectivity can be calculated from the angular
selectivity.

FIG. 1 illustrates the ring pattern formed when a diverging,
laser beam 1llustrates a reflection-type HOE. A laser beam
(1) having an angle of divergence . greater than the incident
angle 0 satistying the Bragg condition plus angular selec-
tivity illuminates an active layer (2) of a reflection-type
HOE whose grating vector (8) makes an angle of ¢ with
respect to the normal to the HOE surface. The transmitted
beam again forms a dark ring pattern on a transparent
diffusive screen (3) parallel to the HOE a distance P from the
point source (10) of the laser beam, but the width of the ring
1s slightly nonuniform.

Under these circumstances, the center (13) of the ring 1s
slightly above the center of the diverging beam pattern (14)
along the line of intersection of the diffusive screen (3) and
the plane defined by the grating vector (8) and the normal to
the surface of the HOE. The width of the ring varies
symmeftrically, with the width of the upper side of the ring
orcater than the width of the lower side. The location of the
center of the ring provides information about the direction of
the grating vector and can be used to i1dentily the relative
orientation of a particular grating when multiple gratings
having different orientations are used concurrently, as, for
example, when an HOE used as a three-dimensional image
projection screen.

The position of the center(13) of the ring and the direction
in which the center of the ring moves represent the direction
of the grating vectors and the magnitude of the difference
between the normals to the HOE’s surface, respectively. The
width of the ring 1s obtained by multiplying the deviation of
refraction angle AQ'; or AO' (hereinafter, AQ', . ,) corre-
sponding to the deviation of incident angles satistying Bragge
condition, 1.e., angular selectivity AO, or A0, (hereinafter,
0,.,,) by P/cos’0, . If a laser beam having wavelength X
strikes on the active layer (2) of the HOE with an incident
angle 0, ., a dark ring forms where the extension of the
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incident beam intersects the diffusive screen (3). If the
refraction angle 1s given as 0, _ ,;

1

le-g = Siﬂ_l(—
fl

|
sin &} m-z} (b

(2)

Rlan
2

! —
tan t91 or2 —

0y =60, + 2(},’? (3)

In equation (1), n is the refractive index of the active layer
(2) of the HOE. According to Bragg condition, the grating
period (12) A of the active layer (2) is given by:

A (4)
21ncos (1o F @)

A=

CE

where the signs “-” and “+” correspond to 0, and 0,,
respectively. With a wavelength of A=2nA, the d1 raction

efficiency has the maximum value. By combining equations
(1), (2) and (4), A may be written:

A (5)

sintan™ (Ryo2 / P))y _
)

A=

21COS [sin‘l {

From equation (5), it is clear that the wavelength of a laser
beam used to measure the characteristics of the HOE should
not be larger than 2nA, and that the smaller A, the larger
R, . The precision of the measuring method disclosed in
the present application 1s enhanced by using several laser
beams having different wavelengths. Grating vector K 1s
ogrven as follows:

The angular selectivity AO and the spectral selectivity A
of

(6)

K] = ==
a hologram are related by:
Ah=—AAOtan(0,,,, ) (7)
From equation (1), AO 1s:
cos &1 ,,» (8)

&91 or2 — Agi or?2

\/ n? —sin“@| .,

If AO 1s measured, AA can thus be calculated from equation
(7

A diffusive plate(18) may be used instead of a diverging
beam to measure the characteristics of a reflection-type
HOE(21). As shown in FIG. 2, a collimated laser beam (17)
illuminates an active layer (19) of the reflection-type HOE
(21) through a diffusive plate(18) which is parallel to the
active layer(19) and the transmitted beam is projected onto
a screen(23) through an objective lens(22) which is also
parallel to the active layer(19) and has a large numerical
aperture. The diffused beam again forms a ring pattern on the
image projection screen(23), as in FIG. 1. The position of the
substrate(20) of the HOE does not affect the measurement.

When a diffusive plate(18) is used, the angle of diver-
ogence of the diffused beam should be greater than the sum
of the angular selectivity and an 1ncident angle satistying the
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Bragg condition. Since the diffused beam can be considered
a collection of collimated beams, the clearest 1mage 1s
formed 1n the focal plane of the objective lens.

A collimated laser beam(17) which passes through the
diffusive plate(18) penetrates the HOE(21) vertically, passes
through the center of the lens(22), and forms the center of
the intensity distribution “0” on the diffusive screen(23)
unless the substrate(20) of the HOE(21) is a wedge type. If
there is a parasitic fringe of a reflective in the HOE(21), the
beam which passes through the diffusive plate(18) is dif-
fracted by the parasitic fringe and provides information
about the existence of the parasitic fringe. If the grating
recorded on the HOE(21) is not parallel to the surface, the
center of the ring differs from the center of the intensity
distribution. In equations (1) through (8), if P is replaced
with the focal length F of lens(22), precise application is
possible in the case of a diffusive plate(18). If the diffusive
plate(18) is made of opal, the portion which a beam directly
passes through 1s not necessary.

As shown 1 FIG. 3, a laser beam with a specific wave-
length collimated from a multi-wavelength laser(28) illumi-
nates a diffusive plate(31) having a non-diffusive portion
(30) whose diameter is less than the diameter of the laser
beam. The beam that passes through the diffusive plate(31)
passes through the HOE(32) which is parallel to the diffusive
plate(31). The intensity distribution of the transmitted beam
1s directly recorded by a charge coupled device or video
camera(33) having an optical lens, such as a wide-angle
objective lens, which is parallel to the HOE(32) and has the
same optical axis as the laser beam (29). The intensity
distribution 1s displayed on a monitor(35) through a
computer(34) connected to the optical imaging device. The
computer(34) varies the oscillation wavelength of a multi-
wavelength laser(28), provides a scale suitable for the oscil-
lation wavelength of the laser (28) through a scale generator
(36), and displays the scale on the monitor(35) along with
the images of the camera(33). The computer(34) displays all
the characteristics about the measured HOE for each direc-
tion of the HOE.

The computer(34) can also be used to display and process
the image from the camera(33), to calculate and display the
characteristics of the HOE (32) from the image, to vary the
oscillation wavelength of the laser(28) if necessary, to
oscillate a scale corresponding to the laser’s oscillation
wavelength being used from the scale generator(36), and to
f1x the pattern of the scale to a desired position of the image
by rotating the pattern of the scale.

By means of the simple apparatus of the present
invention, the angular and spectral selectivities, the wave-
length of maximum diffraction efficiency, and the spatial
orientation of the grating vectors of a reflection-type HOE
can be simultaneously measured 1n real time by 1lluminating
the HOE with a diverging beam or a diffusive beam and then
utilizing the dependence of the intensity distribution of the
transmitted beam on the characteristics of the HOE.

Although particular embodiments of the present invention
have been described 1n detail above, one of ordinary skill 1n
the art would easily be able to accomplish modifications or
variations of these that would be within the scope of the
present 1nvention as defined by the attached claims.

What 1s claimed 1s:

1. An apparatus for measuring characteristics of a reflec-
tive holographic optical element, the apparatus comprising:

a source of a laser beam;
a diffusive plate to diffuse the laser beam;

a holographic optical element parallel to the diffusive
plate;
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an optical lens parallel to the holographic optical element;
an 1mage projection screen parallel to the optical lens;

a means for detecting the laser beam passing through the
diffusive plate, the holographic optical element, the
optical lens, and the 1mage projection screen, in that
order; and

a means for calculating the characteristics of the holo-
ographic optical element, connected to the beam detect-
Ing means, from an intensity distribution obtained from
the beam detecting means.

2. The apparatus of claim 1, wherein the wavelength of
the laser beam 1s less than or equal to the wavelength of a
laser beam reflected from the holographic optical element
normally 1lluminated by a laser.

3. The apparatus of claim 1, wherein the laser beam
source has more than one tunable wavelength.

4. The apparatus of claim 1, wherein the laser beam 1s a
collimated beam.

5. The apparatus of claim 1 or 3, wherein a diffusion angle
of the laser beam diffused by the diffusive plate 1s greater
than or equal to a numerical aperture of the optical lens.

6. The apparatus of claim 1 or 3, wherein a diffusion angle
of the laser beam diffused by the diffusive plate 1s greater
than or equal to an 1incident angle satisfying Bragg condition
of the holographic optical element.

7. The apparatus of claim 1, 3, or 4, wherein the diffusive
plate has a non-diffusive, transparent portion in the area
illuminated by the laser beam, whose diameter 1s smaller
than diameter of the laser beam.

8. The apparatus of claim 1, wherein the diffusive plate
has the capability as a diffusing object of transmitting and
diffusing the laser beam.

9. The apparatus of claim 1, 3, 4, or 8, wherein the laser
beam that directly transmitted the diffusive plate matches the
optical axis of the optical lens, becoming the center of an
image displayed on the 1mage projection screen.

10. The apparatus of claim 1, wherein the 1mage projec-
fion screen has a scale board which comprises scales for the
wavelength for the maximum diffraction efficiency, diffrac-
tion angle, and the ratio of angular and spectral selectivities.

11. The apparatus of claim 1, wherein the calculating
means displays the laser beam 1mages provided from the
beam receilving means.

12. The apparatus of claim 1, wherein the 1mage projec-
tion screen 1s located apart from the optical lens by its focal
length.

13. An apparatus for measuring the characteristics of a
reflection-type holographic optical element, the apparatus
comprising:

™

™

a source of a laser beam:;
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a diffusive plate to diffuse the laser beam:;

a holographic optical element parallel to the diffusive
plate;

an optical lens parallel to the holographic optical element;
a means for detecting the laser beam passing through the

diffusive plate and the holographic optical element, 1n
that order;

a scale generator combined to the beam receiving means,
for generating a scale suitable for the laser beam’s
oscillation wavelength; and

a means for processing the laser beam 1mages obtained

from the beam receiving means.

14. The apparatus of claim 13, wherein the scale generator
calculates the wavelength for the maximum diffraction
eficiency, diffracting angle, and the ratio of angular and
spectral selectivities at each wavelength used, and displays
these values on the laser beam 1mages 1n superposition.

15. The apparatus of claim 13, wherein the means for
processing laser beam 1mages has the functions to display
and process the laser beam 1mages obtained from the laser
beam receiving means, to calculate and display the charac-
teristics of the holographic optical element measured from
the laser beam 1mages, to control the scale generator to
generate scales corresponding to the laser beam’s oscillation
wavelength at which the scale generator 1s used, and to fix
a scale pattern in a desired position on the laser beam 1image
by rotating the scale pattern.

16. The apparatus of claim 15, wherein the means for
processing the laser beam 1image varies the oscillation wave-
length of the laser beam source 1f necessary.

17. An apparatus for measuring characteristics of a
reflection-type holographic optical element, the apparatus
comprising:

a source of a laser beam;
a means for diverging the laser beam;

a holographic optical element parallel to the diverging
means;

a 1mage projection screen parallel to the holographic
optical element;

a means for detecting the laser beam passing through the
diverging means, the holographic optical element, and
the 1mage projection screen, 1n that order; and

a means connected to the beam detecting means for
calculating the characteristics of the holographic opti-
cal element from a laser beam 1mage obtained from the
beam detecting means.
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